In epithelia, a primary damage of tight junctions (TJ) always leads to a secondary disruption of adherens junction (AJ), and vice versa. This response, if occurring in the testis, would disrupt spermatogenesis because the blood-testis barrier (BTB) must remain intact during the transit of spermatids in the seminiferous epithelium, which is associated with extensive apical ectoplasmic specialization (apical ES, a testis-specific AJ type) restructuring. As such, apical ES restructuring accompanied with the transit of developing spermatids during spermiogenesis must be segregated from the BTB to avoid an immunological barrier breakdown in all stages of the seminiferous epithelial cycle, except at stage VIII when spermiation and BTB restructuring take place concurrently. We report herein a mechanism involving restricted spatial and temporal expression of Arp2/3 complex and N-WASP, whose actin branching activity associated with apical ES and BTB restructuring in the seminiferous epithelium. High expression of Arp3 at the apical ES was shown to correlate with spermatid movement and proper spermatid orientation. Likewise, high Arp3 level at the BTB associated with its restructuring to accommodate the transit of preleptotene spermatocytes at stage VIII of the epithelial cycle. These findings were validated by in vitro and in vivo studies using wiskostatin, an inhibitor that blocks N-WASP from activating Arp2/3 complex to elicit actin branching. Inhibition of actin branching caused a failure of spermatid transit plus a loss of proper orientation in the epithelium, and a "tightened" Sertoli cell TJ permeability barrier, supporting the role of Arp2/3 complex in segregating the events of AJ and BTB restructuring.
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actin dynamics | ectoplasmic specialization | seminiferous epithelial cycle | spermiogenesis I n cell epithelia, a primary damage of the tight junction (TJ), such as in response to external cues (e.g., toxicants, cytokines), leads to a secondary disruption of the adherens junction (AJ), and vice versa (1) . Although this physiological phenomenon is necessary to maintain the homeostasis of an epithelium, if it occurs in the seminiferous epithelium of the testis, it compromises spermatogenesis. For instance, during spermiogenesis there is extensive restructuring of the anchoring junction in the epithelium, in particular at the interface between developing spermatids and Sertoli cells known as the apical ectoplasmic specialization [apical ES, a testis-specific atypical AJ type (2) ]. This restructuring allows the migration of developing spermatids across the epithelium so that fully developed spermatids (sperm) can be released to the tubule lumen at spermiation. However, the immunological barrier conferred by the Sertoli cell blood-testis barrier (BTB), which is constituted by TJ and basal ES near the basement membrane, must remain intact because this barrier segregates the entire events of meiosis and postmeiotic germ cell development in a microenvironment known as the apical compartment. This is essential to avoid the production of antibodies against germ cell antigens that arise during meiosis and spermiogenesis. In short, except at stage VIII of the epithelial cycle, when spermiation and BTB restructuring (the latter event facilitates the transit of preleptotene spermatocytes across the BTB) take place concurrently in the epithelium, AJ restructuring in the apical compartment must be restricted to this microenvironment without causing a secondary disruption of the TJ at the BTB. We postulate that the restricted and localized actin cytoskeletal restructuring activity may play a significant role in segregating these two events.
The ES is a unique structure rich in filamentous (F-) actin in the seminiferous epithelium, which is typified by the presence of actin filament bundles sandwiched between the Sertoli cell plasma membrane and cisternae of endoplasmic reticulum (2, 3) . ES is found both at the BTB (basal ES) coexisting with TJs, and at the attachment sites between spermatids (step 8-19 in rats) and Sertoli cells (apical ES). Apical ES disassembly is a gradual process that begins at the concave side of elongating/elongated spermatid heads during late stage VII of the epithelial cycle, preceding the onset of BTB restructuring, which occurs at stage VIII. This process involves reorganization of actin bundles into a highly branched network, which in turn facilitates spermatid movement and proper orientation. The actin-related protein (Arp) 2/3 complex is a sevensubunit protein complex containing Arp2, Arp3, and ARPC1-5 (4). When activated, it is an actin nucleating machinery that initiates branching on preexisting actin filaments to facilitate junction restructuring and cell movement. Activators of Arp2/3 complex include proteins from the Wiskott-Aldrich syndrome protein (WASP) family, such as WASP, neuronal WASP (N-WASP), and the cortactin family (5) . The Arp2/3 complex and several of its activators were detected at the concave side of elongated spermatid heads (6, 7), but their functions remain unknown. Here, we report findings to support a concept that the restricted Arp2/3 spatial expression in the seminiferous epithelium facilitates localized apical ES restructuring to support spermatid movement without compromising the BTB, and vice versa.
Results
Stage-Specific and Restricted Spatial Expression of Arp3 in the Seminiferous Epithelium. Arp3 was expressed in both Sertoli and germ cells at a similar level; however, N-WASP was found more abundantly in germ cells, and cortactin was mostly restricted to Sertoli cells ( Fig. 1 A and B) using corresponding specific antibodies ( Fig. 1 C and D) . Immunofluorescence staining of Arp3 revealed a stage-specific expression pattern ( Fig. 1E and Fig. S1 ). Arp3 was present at the BTB in various stages but was barely detected during stage VI and VII when the BTB remained "dormant" without restructuring, and then reappeared abundantly in stage VIII tubules when the BTB undergoes extensive This article is a PNAS Direct Submission. 1 To whom correspondence should be addressed. E-mail: y-cheng@popcbr.rockefeller.edu.
restructuring to facilitate the transit of preleptotene spermatocytes ( Fig. 1E and Fig. S1 ). The Arp3 expression pattern at the apical ES at the elongating spermatid-Sertoli cell interface in these stages was the exact opposite of the BTB, being the highest at the concave side of elongating spermatid heads in stage VI-VII tubules ( Fig. 1E and Fig. S1 ). This localization of Arp3 at the apical ES most prominently at the concave side of the spermatid head represents structures known as apical tubulobulbar complexes (apical TBC) which appear in steps 18-19 spermatids, and they are characterized by unique ultrastructural features analogous to invaginations of endocytic vesicles during protein endocytosis ( Fig. 1 E and F . Tubule stages are shown, and the boxed areas in ii, v, and viii are magnified and shown in iii, vi, and ix, respectively. Expression of Arp3 at the BTB and the concave side of elongating spermatid heads shows an inverse relationship. In stage VII tubules (i-iii), Arp3 is most abundant at the apical ES site but with a considerably lower expression at the BTB (arrowheads), and at late stage VII (iv-vi), little more Arp3 is seen at the BTB (arrowheads). Conversely, Arp3 is highly expressed at the BTB in late stage VIII tubules (vii-ix), whereas its signal at the apical site is greatly diminished. (F) Schematic drawing showing the reorganization of actin filament bundles in the apical ES during spermiogenesis. In step 17 spermatids, the entire spermatid head is encircled by the apical ES, which is typified by bundles of actin filaments beneath the Sertoli cell plasma membrane. In step 18-19 spermatids, the ES-associated actin bundles undergo reorganization into a branched network, most prominently at the concave side of spermatid heads. By late step 19, apical ES is disassembled to prepare for spermiation. (G) Colocalization of Arp3 (red) and N-WASP (green) in the seminiferous epithelium. Nuclei are visualized with DAPI (blue). Colocalizing signals are noted at both the apical ES (open arrowheads; Upper) and the BTB (white arrowheads; Lower). N-WASP was also associated with spermatocytes, spermatogonia, and perhaps myoid cells but not colocalized with Arp3 (blue arrowheads); N-WASP was also detected in acrosomes in early spermatids (yellow arrowheads). (H) Schematic drawing of the activation of Arp2/3 complex by WASP/ N-WASP. WASP/N-WASP is activated upon binding of signaling molecules, and it in turn binds to and activates the Arp2/3 complex. Activated Arp2/3 complex binds to the lateral side of an actin filament and serves as the nucleation site for a new actin branch. (Scale bar in Ei and G, 50 μm for E i, ii, iv, v, vii, and viii and G; in Eiii, 15 μm for E iii, vi, and ix.) toward the edge of the tubule lumen, Arp3 expression gradually diminished to an undetected level at stage VIII, when apical ES ceased to restructure but underwent disruption during spermiation ( Fig. 1 E and F) . In short, the spatially and temporally restricted expression of Arp3 coincides with the reorganization of apical ES-associated actin filament bundles into a branched network during the gradual dissolution of the apical ES beginning at the concave side of step 18-19 spermatids (Fig. 1F) , matching the known function of actin nucleation and branching by the Arp2/3 complex. Additionally, the reappearance of Arp3 at the BTB in stage VIII is also associated with the onset of BTB restructuring to allow the transit of preleptotene spermatocytes. These suggest that Arp2/3 complex plays a role in both anchoring junction and BTB restructuring, and its differential expression at the apical and the basal ES might be important to limit restructuring at either site without perturbing each other. Because N-WASP ( Fig. 1 G and H) is considered to be a more potent activator of the Arp2/3 complex than cortactin (5), we focused on this protein in subsequent studies. Indeed, N-WASP was shown to colocalize with Arp3 at both the apical ES and BTB (Fig. 1G) , and the activation of N-WASP is needed to induce the cascade of events that leads to actin nucleation and branching (Fig. 1H) . However, N-WASP alone was also detected in the acrosome in developing spermatids and also with spermatogonia, spermatocytes, and perhaps myoid cells (Fig. 1G) . To confirm the localization of this actin branching machinery at the BTB and the apical ES, Arp3 was colocalized with several putative structural proteins at these sites, including F-actin, apical ES protein (dynamin II), basal ES protein (N-cadherin), and BTB-associated protein (occludin) (Fig. 2) . It is noted that dynamin II, a putative apical ES protein (8) , is mostly found at the convex side of spermatid heads, but some signals of dynamin II at the concave side overlapped with Arp3 (Fig. 2) .
Adjudin-Induced Spermatid Loss That Mimics Spermiation Is Associated with Diminished Arp3 at the Apical ES and a Shift in Localization at the BTB. Adjudin is known to induce anchoring junction restructuring particularly at the apical ES, leading to germ cell loss from the testis without perturbing the BTB integrity (9) . This cellular event was associated with a significant decline in the protein level of N-WASP in the testis, but Arp3 and cortactin remained unchanged ( Fig. 3 A and B) . This decline in N-WASP could be a result of germ cell loss because germ cells expressed a high level of N-WASP (Fig. 1A) , reducing the proteins contributed by germ cells in the samples that were being analyzed. Although the steady-level protein level of Arp3 did not change (Fig. 3 A and B) , its localization at the apical ES and the BTB was altered. In stage VII tubules after adjudin treatment, the Arp3 present at the Sertoli cell-spermatid interface was less intense and appeared truncated (Fig. 3C vi vs. iv, see arrowheads) . The signal reduced to smaller patches, instead of appearing as rounded dome-like shapes that completely occupied the concave side of spermatid heads in the control. The truncation of Arp3 was accompanied by Fig. 3 . Adjudin-induced anchoring junction restructuring in the seminiferous epithelium leads to premature germ cell loss, concomitant with changes in N-WASP protein level and Arp3 localization. Adjudin was administered to rats at 50 mg/kg body weight via gavage to induce anchoring junction restructuring and germ cell loss in the testis. (A) Immunoblots of Arp3, N-WASP and cortactin using testis lysates (100 μg of protein) collected at specified time after adjudin treatment with actin serving as a protein loading control. (B) Histogram summarizing the results in A after normalizing each data point against actin. Protein levels at 0 h were arbitrarily set as 1. Each bar represents mean ± SD (n = 5). **P < 0.01. (C) Colocalization of Arp3 (red) and F-actin (green) in frozen sections of adult rat testes after adjudin treatment. Nuclei were visualized with DAPI. Magnified views of boxed areas in i-iii are shown in iv-xii. Smaller box in iii is enlarged as insets in the same panel. Tubule stages are denoted. In Ctrl testes, Arp3 was much weakened at the concave side of the apical ES site in stage VIII tubules when compared with stage VII, concomitant with an apparent dissolution of F-actin from the site (white bracket in viii). F-actin dissolution was observed prematurely in stage VII tubules after adjudin treatment (white brackets in ix), and Arp3 signal appeared truncated (arrowheads) especially at prematurely "departing" spermatids (asterisk) in vi. (Scale bar in Ci, 100 μm for C i-iii; in Civ, 15 μm for C iv-xii.) (Fig. 3C vi, ix, and xii) , which normally only happened in the stage VIII tubules (Fig. 3C v, viii, and xi) before the release of spermatids into the tubule lumen at spermiation (Fig. 3C ). These observations likely represent the adjudin-induced disassembly of F-actin coupled with Arp3-containing actin branches at the Sertoli cell-spermatid interface, leading to the premature spermatid release. At the BTB, the localization of Arp3 was also shifted (Fig. S2 Aa-t and Ba-p). Instead of being colocalized with BTB integral membrane proteins, such as occludin, Arp3 signal redistributed and became less colocalized with occludin ( Fig. S2A o and p vs. m) . F-actin also became less compact and organized, with processes extending beyond the normally well defined BTB (Fig. S2B g and h vs. e) .
Inhibition of N-WASP Leads to Improper Orientation of Step 18-19
Spermatids as a Result of Actin Branching Malfunction. The functional role of Arp2/3 complex in the seminiferous epithelium was examined by using wiskostatin, a specific inhibitor of N-WASP whose inactivation blocks actin nucleation and branching. In this experiment, one of the two testes of each rat (n = 3 rats) received a dose of wiskostatin (60 μM, assuming a testicular volume of ≈1.6 mL) to block N-WASP activation (10, 11) via intratesticular injection (12) , with the other testis receiving the vehicle control. By day 4, this treatment caused misorientation of step 19 spermatids in stage VII tubules ( Fig. 4A and Fig. S3 ). Instead of having their heads pointing toward the basement membrane, many spermatids became misoriented (see white arrowheads in Fig. 4Aiv vs. Aiii). Frozen sections from three pairs of testes were randomly analyzed to quantify the percentage of abnormal stage VII to early VIII tubules. To facilitate analysis, abnormal tubules were defined as those with >4% elongating spermatids showing a deviation of more than 90°from their normal orientation when the cross-section of a tubule was acquired with a ×10 objective (and a ×10 eyepiece). This threshold was selected on the basis of preliminary survey of control tubules. Approximately 60% of stage VII to early VIII tubules was found to be abnormal with misorientated spermatids in wiskostatin-treated testes (Fig. 4A) , which was ≈6-fold higher than in controls (Fig. 4B) . To avoid the possibility that the noted misorientation was an artifact of frozen sections, two extra pairs of treated testes from two rats were fixed in Bouin's fixative for paraffin sections vs. vehicle control testes, which yielded similar results as shown in Fig. 4B . However, germ cell loss from the epithelium was not detected in these testes. To determine whether spermatid misorientation was accompanied by BTB damage, occludin staining was analyzed in stage VII tubules (Fig. 4C) . In contrast to the apical ES, Arp3 staining was relatively weak at the BTB at stage VII ( Fig. 1 and Fig. S1 ), and no apparent changes in occludin localization were observed (Fig. 4C) .
N-WASP Inhibition Tightens Sertoli Cell TJ Permeability Barrier. As shown in Fig. 1E and Fig. S1 , restricted spatial expression of Arp3 at the apical ES in stage VII tubules may facilitate actin branching to enhance protein endocytosis to prepare for apical ES disruption at spermiation, but its level at the BTB is held low until a surge at stage VIII, which may facilitate BTB restructuring necessary for the transit of preleptotene spermatocytes. This information implicates that a blockade of Arp2/3 complex-induced nucleation would "tighten" the TJ barrier. To explore this possibility, an in vitro Sertoli cell culture system was used, which is known to form a functional TJ barrier that mimics the BTB in vivo (12) (Fig. 5A ). Because testosterone is also known to promote BTB integrity (13, 14) , this experiment was conducted in combination of wiskostatin and testosterone treatments. Indeed, wiskostatin alone seemed to "tighten" the TJ barrier by causing a mild increase in TJ integrity, which was not as substantial as the increase induced by testosterone alone (Fig. 5A) . Interestingly, there was an additive effect when wiskostatin and testosterone were used together, leading to a further "tightened" TJ barrier (Fig. 5A ). This finding was supported by an experiment to visualize actin filaments in Sertoli cells. The presence of both wiskostatin and testosterone additively strengthened the cortical actin at the cell-cell interface, with actin filaments being aligned more extensively at the cell junction sites (Fig. 5D ), thereby supporting a surge in the TJ barrier function shown in Fig. 5A . This may be explained by the presence of a larger proportion of highly organized actin filament bundles at the cell border as a result of the inhibition of actin branching, which promoted the TJ barrier stability, though no apparent increase in the TJ protein occludin was detected at the cell-cell interface (Fig. 5C) . It is noted that wiskostatin and testosterone, either alone or in combination, had no apparent effects on the levels of Arp3, N-WASP, or cortactin in the Sertoli cell epithelium (Fig. 5B ) but exerted their effects on the actin nucleating activity of N-WASPArp2/3 complex.
Discussion
We report herein a mechanism in the rat testis involving highly restricted spatial and temporal expression of Arp3, so that the dynamic remodeling of the apical ES and the BTB in the seminiferous epithelium mediated by the actin branching activity of N-WASP-Arp2/3 complex can be segregated from each other Abnormal tubules were defined as those containing more than 4% of misoriented step 18-19 spermatids; misorientation was defined as a deviation of more than 90°away from pointing toward the basement membrane perpendicularly. Approximately 60% of stage VII to early VIII tubules in wiskostatin-treated testes were abnormal, which was 6-fold higher than in veh. Each bar represents mean ± SD (n = 3). **P < 0.01. (C) An assessment of BTB damage in stage VII tubules after wiskostatin treatment. Arp3 (red) and occludin (green) were colocalized in wiskostatin-treated testes vs. veh. Nuclei were visualized with DAPI (blue). Four days after treatment, no apparent change was observed in occludin staining, whereas BTB-associated Arp3 (arrowheads) showed a mild weakening. (Scale bar in Ai, 100 μm for A i and ii; in Aiii, 15 μm for A iii-x; in Ci, 40 μm for C i-viii.) (Fig. S4 ). As such, anchoring junction restructuring, in particular apical ES, associated with the transit of spermatids across the epithelium can be restricted at the apical compartment without compromising the integrity of the BTB located near the basement membrane. Initial immunofluorescence study to examine the distribution pattern of Arp3 in the epithelium implied a highly restricted spatial and temporal correlation between Arp3 localization and junction restructuring events. At stage V-VII of the epithelial cycle, Arp2/3 complex facilitates anchoring junction restructuring associated with the transit of elongating spermatids across the apical compartment in a properly oriented manner, without eliciting a secondary disruption of the immunological barrier. However, at stage VIII, the expression of Arp3 at the apical ES becomes quiescent. This is when the apical ES is undergoing dissolution and fully developed spermatids (spermatozoa) are ready to "depart" the epithelium at spermiation. Conversely, Arp3 expression is drastically enhanced at the BTB at the time of junction restructuring to accommodate the transit of preleptotene spermatocytes. In short, actin branching is essential to elicit junction restructuring in the seminiferous epithelium, similar to other epithelia and endothelia (15) , but because of the restricted spatial expression of Arp3, the "signal" of apical ES or BTB restructuring in the epithelium will not be transmitted to each other to elicit a secondary disruption. This provides a unique mechanism to segregate the physiological link between apical ES and TJ/basal ES/ desmosome at the BTB (Fig. S4) .
Studies from the adjudin model support the notion that the premature release of elongating/elongated spermatids from the epithelium is associated with the disassembly of F-actin and Arp3-containing structures. However, these results did not provide information about the functionality or activation status of the Arp2/ 3 complex. Thus, we next used wiskostatin, a specific and wellcharacterized inhibitor of N-WASP (16), which is an activator of the Arp2/3 complex (15), for additional in vivo and in vitro experiments. Remarkably, inhibition of N-WASP by wiskostatin in the testis in vivo did not lead to germ cell detachment or BTB damage, unlike Eps8, which is an actin-regulating protein with multiple functions, whose knockdown by RNAi would lead to germ cell loss and BTB damage in vivo (17) . Although the Arp2/3 complex can serve as a downstream effector of Eps8 through the activation of Rac and WASP family verprolin-homologous protein (WAVE) (5, 18) , Eps8 has more diverse effects on the actin cytoskeleton that are not mediated through Arp2/3 complex, such as actin capping and bundling (19, 20) . Thus, the activation of Arp2/3 complex by N-WASP can be limited to actin cytoskeletal restructuring via actin branching, instead of maintaining junction integrity in the testis. Indeed, α-catenin was shown to suppress Arp2/3-protein complex activity, thereby stabilizing F-actin organization in mature AJs (21) . Consistent with this earlier report, the use of wiskostatin "tightened" both the basal and the testosterone-induced BTB integrity.
One remarkable effect caused by N-WASP inhibition was the loss of proper orientation of step 18-19 spermatids. Indeed, Arp2/3 complex was shown to be involved in conferring cell polarity during directional cell migration (22) . In response to environmental cues, small GTPases (e.g., Cdc42) recruit effectors to the leading edge of a migrating cell for the local activation of Arp2/3 complex, which in turn generates a dendritic actin network to provide a forward protrusive force (22) . Although developing spermatids are not motile per se, and thus the role of Arp2/3 complex in modulating spermatid orientation is less understood, we nevertheless provide evidence that improper remodeling of the apical ES perturbs spermatid orientation. In this context, it is noteworthy that during spermiogenesis, apical ES is the only anchoring device once it T   0h  12h  1d  3d  2h  0h  12h  1d  3d  2h  0h  12h  1d  3d  2h  0h  12h  1d  3d  2h Wisk T+Wisk , and the establishment of a TJ permeability barrier was assessed by transepithelial electrical resistance (TER) measurement across the cell epithelium. The TJ barrier was established by day 3 with a stable TER. Cells were then treated with vehicle (Veh; DMSO), testosterone (T; 0.2 μM), wiskostatin (Wisk; 10 μM), and a mixture of both (T+Wisk) vs. Ctrl. Treatment was repeated daily (black arrows). Each data point is the mean ± SD of n = 4 replicates (note: this experiment was repeated three times with similar results). *P < 0.05; **P < 0.01. appears in step 8 through 19 spermatids, surrounding the entire head of developing spermatids for their anchorage and maintenance of proper orientation (23) . In step 18-19 spermatids, the apical ES undergoes remodeling to replace the well-organized actin filament bundles with a branched network, which is initiated at the concave side of spermatid heads, creating an ultrastructure known as the apical TBC ( Fig. 1 and Fig. S4 ), representing the site of extensive endocytic vesicle-mediated protein endocytosis (24) . In fact, clathrin, N-WASP, and cortactin are abundantly present at this site (7), supporting the notion that Arp3 is working with these proteins to induce junction restructuring via actin branching, which perhaps is necessary to maintain spermatid polarity/orientation. Furthermore, polarity proteins such as Par6 and 14-3-3 (also known as Par5) are highly expressed at the apical ES but at the convex side of the elongating spermatids. These polarity proteins are also integrated components of this anchoring device (25, 26) and function to maintain proper spermatid orientation (25) . It is likely that the concerted effects of polarity proteins Par6 and 14-3-3 at the convex side and N-WASP-Arp2/3 complex at the concave side of the spermatid head provide the necessary machineries to maintain spermatid orientation.
Treatment of Sertoli cells having an established TJ barrier with testosterone induced the recruitment of Arp3 to the cell-cell interface, suggesting that the Arp2/3 complex is a specific effector of testosterone. Testosterone is known to promote BTB integrity (13, 27) , apparently via enhanced protein endocytosis and recycling (14) so that "new" TJ fibrils can be formed behind preleptotene spermatocytes in transit at the BTB in vivo (Fig. S4) . Because the in vitro system does not contain migrating cells, the endocytosed proteins would be recycled back to the cell surface, resulting in an enhanced TJ barrier integrity. The testosteroneinduced recruitment of Arp3 to the Sertoli cell TJ barrier in vitro may be used to facilitate the transit of spermatocytes in vivo. This is reminiscent of the reappearance of Arp3 at the BTB in vivo during stage VIII of the epithelial cycle, when the BTB has to restructure to accommodate the transit of preleptotene spermatocytes. On the other hand, treatment with wiskostatin alone resulted in mild but not statistically significant effects to "tighten" the TJ barrier, which may be due to the lack of restructuring in the Sertoli cell epithelium cultured in vitro, so that the effects of N-WASP inhibition were only clearly manifested after testosterone stimulation. Indeed, a combination of N-WASP inhibition and testosterone stimulation yielded an additive effect to promote the Sertoli cell barrier integrity, accompanied by an increase in cortical actin at the cell-cell interface to strengthen the BTB. This validates our hypothesis that an increase in expression and/ or activation of Arp2/3 complex leads to BTB restructuring, and its inhibition resulted in a more stabilized TJ barrier.
Materials and Methods
Animals and Antibodies. The use of Sprague-Dawley rats for studies reported herein was approved by the Rockefeller University Institutional Animal Care and Use Committee (Protocols 06018 and 09016). Antibodies used in this study are listed in Table S1 .
Administration of Wiskostatin to Adult Rat Testes in Vivo. Wiskostatin (EMD Biosciences) was reconstituted in DMSO to obtain a stock solution of 40 mM. Each rat (≈300 g body weight) was treated with wiskostatin vs. vehicle control (DMSO), delivered in~150 μL PBS (at a final concentration of DMSO of~0.15%) via intratesticular injection with a 28-gauge needle (17) into the left and right testis of the same animal, respectively. The target concentration of wiskostatin inside the testis was 60 μM (i.e., a final dilution of 1:666.7 of the DMSO-based stock solution prepared in PBS with a final DMSO concentration at~0.15%), assuming each testis had a volume of ≈1.6 mL. Rats were killed 4 d after treatment, and testes were either snap frozen in liquid nitrogen for the preparation of cryosections or fixed in Bouin's fixative for paraffin sections. The dosage used and duration of treatment were determined on the basis of several pilot experiments, which also included a lower dose at 20 μM, and animals were euthanized with CO 2 asphyxiation at 1, 4, and 7 d after treatment. Misorientation of step 18-19 spermatids was analyzed and quantified using frozen sections from three pairs of testes. Results were validated by analyzing sections from two extra pairs of Bouin'sfixed and paraffin-embedded testes stained with DAPI.
General Methods. Other pertinent methods, including the preparation of primary Sertoli cell cultures, can be found in SI Materials and Methods.
